I. INTRODUCTION
The structurally disordered nature of the organic semiconductors used in organic light-emitting diodes (OLEDs) has a strong effect on the charge transport. Experimental 1 and theoretical [2] [3] [4] [5] [6] [7] [8] [9] studies have made clear that the resulting energetic disorder of the states in between which the charge carrier hopping takes place does not only determine the temperature (T) and electric field (F) dependence of the mobility, 10 but that it also gives rise to a charge carrier density (n) dependence. Although various advanced numerical OLED device models have been developed and applied, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] so far analyses of the current density and radiative recombination in full OLEDs, taking the carrier density dependence of the mobility into account, have not yet been reported. There is an urgent need for such an OLED device model, in order to make it possible to rationally design OLEDs with improved efficiency for applications such as large-area light sources. 25 One of the issues which hampers the development of predictive OLED device models is that it has not yet been well established theoretically how the presence of disorder affects the electron-hole recombination rate. The recombination rate is usually assumed to be given by the Langevin formula R ¼ ðe=eÞðl h þ l e Þn h n e , with e the elementary charge, e the electric permittivity, l hðeÞ the hole (electron) mobility and n hðeÞ the hole (electron) density. 26 , 27 Albrecht and Bäss-ler studied recombination in the low-density (independent particle) Boltzmann limit using Monte Carlo (MC) calculations, and showed that at zero field the Langevin formula is then also applicable in the case of a disordered system with a Gaussian density of states (DOS). 28, 29 A slight monotonically increasing enhancement of the recombination rate above the Langevin value was found with increasing field, in contrast to MC results obtained by Gartstein et al., 30 who found a nonmonotonic field dependence of that enhancement ratio. Groves and Greenham found from MC calculations that considerable deviations from the Langevin formula, up to 40%, can occur. 31 In a recent MC study of the recombination rate, van der Holst et al. found similarly large deviations when applying (as in the work of Groves and Greenham) the Langevin formula using the unipolar electron and hole mobilities, i.e., the mobilities at the temperature, field and carrier density which are obtained from a MC calculation in the absence of carriers of the other polarity. 32 However, they discovered that the Langevin formula is well obeyed if bipolar mobilities are used, i.e., if the mobilities are used which follow from a MC calculation in the presence of carriers of the other polarity. The work focused on cases with equal electron and hole densities. So far, no expressions for the bipolar mobilities in cases of arbitrary density combinations are available. Within these publications also two possible additional complications were addressed, viz. the effect on the recombination rate of a mobility anisotropy 31 and the effect of correlation or anticorrelation between the electron and hole state energies on the same molecular site. 32 Finally, one might raise the question whether, in view of the disorderinduced filamentary of the current density in actual OLEDs, [33] [34] [35] [36] [37] [38] the Langevin formula can still be applicable. One of the assumptions which leads to that formula is that the charge carrier transport occurs homogeneously across the device. In this paper, we demonstrate the feasibility of predictive modeling of the current density and recombination rate for the case of single layer OLEDs based on a blue-emitting copolymer. We show that the use of the standard Langevin formula for the bimolecular recombination rate is quite appropriate, in the sense that it leads to an accurate prediction of the voltage dependence of the current density and current efficiency. The light-emitting polymer (LEP, from the Lumation TM Blue Series, supplied by Sumation Co., Ltd.) studied consists of fluorene (PF) units copolymerized with ð7:5 mol%Þ triarylamine (TAA) units, as shown in the inset of Fig. 1 . For calculating the current density and the exciton-formation profile, we employ a recently developed one-dimensional drift-diffusion OLED device model. 39 The model is based on the experimentally determined (unipolar) hole 40 and electron 41 mobility functions. The recombination rate at zero field is described by the Langevin formula, whereas for finite fields an extension of that formula as described in Ref. 39 is used. Based on the results obtained in Refs. 40 and 41 the hole and electron densities of states are described as a Gaussian and as a Gaussian plus a superimposed exponential low-energy tail (representing deep trap states), respectively. The model includes in a parameter-free manner the recombination of holes with electrons occupying trap states. For calculating the current efficiency from the exciton formation profile, we employ an optical microcavity model (Lightex 42 ) and use the values as obtained from independent experimental studies of the radiative decay probability of singlet excitons 43 and the average dipole angle. 44 The model leads to predicted current density (J) versus voltage (V) curves which are in excellent quantitative agreement with the experimental results. Furthermore, excellent agreement with the measured voltage dependent current efficiency is obtained assuming a singlet exciton formation probability equal to g S ¼ ð22 6 3Þ%, close to the quantum-statistical value of 1/4. The result is consistent with the range of values which was obtained recently by Carvelli et al. for the same polymer from an optical study of OLED devices. 45 The structure of the paper is as follows. In Sec. II, the device structure and experimental results are given. The modeling results are presented in Sec. III. Section IV contains a discussion, and the conclusions are given in Sec. V.
II. DEVICE STRUCTURE AND EXPERIMENTAL RESULTS
The double-carrier (DC) OLEDs studied are sandwichtype devices with the structure glass j ITO j PEDOT:PSS j LEP j LiF j Ca j Al.
The devices were fabricated by spin coating a 100 nm poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonic acid) (PEDOT:PSS) layer on precleaned glass substrates covered with a 100 nm patterned indium tin oxide (ITO) layer in a nitrogen glovebox. Subsequently, the LEP layer was deposited by spin coating from a toluene solution, resulting in layer thicknesses L of 100 nm, as confirmed from measurements of the geometrical capacitance at low frequencies and low voltages. As a next step, thin layers of LiF (3 nm), Ca (5 nm), and Al (100 nm) were evaporated in high vacuum through a mask to form the top electrodes. To prevent the devices from water and oxygen contamination, the devices were encapsulated using a metal lid enclosing a desiccant getter. Twenty seven nominally identical 3 Â 3 mm 2 devices were prepared on a single substrate. Figure 1 shows the room temperature JðVÞ curves for a hole-only (HO) diode (with a Pd cathode, see Ref. 40) , an electron-only (EO) diode (with an AlO x anode, see Ref. 41) and for a DC device, with a layer thickness L ¼ 98, 96; and 100 nm, respectively (symbols). At high current densities, the JðVÞ curve of the DC device was measured using a pulse method, in order to prevent from substantial heating. The JðVÞ curves were corrected for a leakage current (see Ref. 40) and for a built-in voltage (V bi ) of 1.9, 1.0, and 3.0 V, respectively. The value of V bi for the DC devices is determined from the voltage V peak at which a peak in the low-frequency differential capacitance occurs (2:4060:05 V), taking the same voltage difference between V peak and V bi as found for the hole-only devices into account (0:6 V). 40 Displaying the current densities as a function of V À V bi allows making a more proper comparison between the shapes of the JðVÞ curves, as the devices have electrodes with different work functions. The HO and EO curves cross at a voltage V À V bi % 2:8 V. Within a simplified picture of the charge transport, recombination and light outcoupling, the voltage at which the current densities in HO and EO devices are equal might be used to estimate the voltage at which in the DC device the hole and electron current densities are most optimally balanced, leading to an optimal light-outcoupling efficiency due to recombination taking place predominantly at relatively large distances from the quenching electrodes. It is already evident from Fig. 1 that this picture must actually be an oversimplification, as at the point where both curves
FIG. 1. (Color online) Measured
JðVÞ curves for a double-carrier OLED (squares; data obtained from pulsed measurements for V À V bi > 3 V), a hole-only device (circles) and an electron-only device (triangles) with L ¼ 100, 98, and 96 nm, respectively, at room temperature. The experimental data points have been corrected for a leakage current and a built-in voltage (V bi , equal to 1.9, 1.0, and 3.0 V for the hole-only, electron-only, and double carrier devices, respectively). The solid curves are the result of the drift-diffusion modeling calculations. The inset shows the molecular structure of the PF-TAA copolymer studied. cross the double carrier current density is approximately one order of magnitude larger than the hole-only and electrononly current densities. Detailed device modeling will therefore be necessary to elucidate the interplay of the electron and hole current densities. Nevertheless, it is also shown that the double carrier devices indeed show a maximum current efficiency at approximately 3 V above the built-in voltage. It will be discussed how sensitive the current efficiency, its peak voltage and its peak value are to the detailed expressions assumed for the electron-hole recombination rate.
III. DEVICE MODELING
The solid curves in Fig. 1 are the result of single-carrier HO (Ref. 40) and EO (Ref. 41 ) device modeling using the extended Gaussian disorder model (EGDM). The densities of states assumed within these models are indicated in Fig.  2 (a). The parameters describing the Gaussian hole (electron) DOS are the width r hðeÞ and the density of transport sites N t;hðeÞ . For electrons, the superimposed exponential trap DOS is described by a characteristic electron trap depth T 0 and a density of trap sites N trap . The parameter values are given in the figure. The anode-polymer interface leads to a well-injecting contact (no injection barrier). 40 In Ref. 41 the injection barrier at the cathode-polymer interface (u) was found to be 0:360:1 eV. In this paper, a value u ¼ 0:4 eV has been used. Lowering of this barrier due to the image charge potential, as described in Ref. 46 is taken into account. The sensitivity of the results to the value of u will be discussed in Sec. IV.
Figure 2(b) shows the temperature dependence of the hole (squares) and electron (circles) mobility in the limit of zero carrier density and zero electric field, l 0 . The parameter values given in Figs. 2(a) and 2(b) fully describe the hole (electron) transport in hole-only (electron-only) devices. The hole and electron transport are described by quite different parameter sets, as the hole transport takes place via the triarylamine monomeric units, whereas the electron transport takes place via PF-derived lowest unoccupied molecular orbital states.
In the method used for solving the drift-diffusionrecombination problem for the DC devices, 39 the carrier densities and recombination rates across the thickness of the device are calculated on a discrete set of points on a onedimensional grid, for the case of transport in a Gaussian DOS on which (for electrons) a trap DOS is superimposed. The one-dimensional Master-Equation (1D-ME) approach employed is mathematically different from the continuum device model 47 employed earlier in the HO and EO device studies. However, when applied to single-carrier devices, it is found to be essentially equivalent. Furthermore, in the 1D-ME model electron trapping is treated in the same manner as in the continuum EO model employed in Ref. 41 viz. by making use of the multiple-trap-and-release model. 48 Thermal equilibrium is assumed between charge carriers occupying host and trap states. The addition of deep trap states gives, at a given total density n e , rise to a decrease of the Fermi energy, and hence to a decrease of the density of free" (mobile) charge carriers (charge carriers occupying the Gaussian host DOS). The local current density is only due to the drift and diffusion of these mobile carriers, with a density n free < n e . The trapped carrier density does not contribute in a direct manner to the current density. However, it affects the current density indirectly, as it contributes to the electrostatic field. This is calculated in a self-consistent manner from the total (free and trapped) carrier densities. Recombination is viewed as a local process, determined by the local carrier densities and field, and includes in a parameter-free manner the recombination due to hopping of free electrons to sites at which holes reside and due to hopping of holes to sites at which electrons (free and trapped) reside. At zero field, the local recombination rate is given by the Langevintype expression R ¼ e e n e;free n h l e ðn e;free Þ þ n h n e l h ðn h Þ Â Ã :
The microscopic expression employed for modeling the recombination rate, from which Eq. (1) may be derived, is given in the Appendix. At finite fields, the recombination rate does not only increase as a result of the field-dependence of the mobilities, as expected from the Langevin formula, but it shows also an additional enhancement. As mentioned in the Introduction, such an effect was found by Albrecht and Bässler using three-dimensional Monte Carlo calculations. 29 The size of the effect as described by Eq. (A1) in the Appendix is close to that reported in Ref. 29 and can be explained by considering the three-dimensional nature of the recombination process. 39 Recombination is not only due to forward or backward hops but also to lateral hops which do not contribute to the mobility. . The occurrence of a maximum may be understood from the calculated voltage dependence of the position (x)-dependent recombination rates RðxÞ ("recombination profiles"), shown in Fig. 3(c) for T ¼ 293 K. When the voltage increases from 3 V (transport "holedominated") to 7 V (transport "electron-dominated"), the peak in the recombination profiles shifts from a position more close to the cathode to a position close to the anode. It follows from the model that the recombination efficiency (fraction of charge carriers that contributes to exciton formation) is equal to 1 for V Z 3 V. The voltage dependence of the current efficiency is thus fully determined by the lightoutcouping efficiency. This has been calculated using the optical microcavity outcoupling model Lightex, 42 including the effect of self-absorption in the PF-TAA layer in a manner as described in Ref. 44 . Within the calculations, we use (i) the intrinsic source spectrum as obtained for PF-TAA in Ref. 44 (see Fig. 6 (a) in that paper), (ii) the experimental PL quantum efficiency ($ 60%) (Ref. 43) as the radiative decay probability of the excitons in an infinitely thick medium, and (iii) a fully in-plane emitting dipole orientation, as expected from the predominantly in-plane orientation of the polymer chains after the use of the spin coating process and as confirmed from an analysis of emission experiments. 44 The real and imaginary refractive indices of all layers were determined using ellipsometry. 44 The calculations reveal that the position at which the outcoupling efficiency is optimal is located at a distance of approximately 60 nm from the cathode. The steep rise of the current efficiency curve at V ¼ 2:5 V can be rationalized by the notion that excitons that are close to the cathode have a high probability of transferring their energy nonradiatively to the electrode. This strongly reduces the light output at low voltages, when the recombination occurs relatively close to the cathode. With increasing voltage, the recombination profile shifts to a more central position in the device where the quenching due to the electrodes is strongly reduced so that the current efficiency increases. The fact that the current efficiency decreases then only slowly with increasing voltage can be understood from the fact that above 5 V the peak and shape of the recombination profiles do not change rapidly with voltage. We note that in the analysis of the current efficiency presented, a broadening or shift of the recombination profiles due to exciton diffusion has been neglected. The full curve in Fig. 3(b) shows the calculated current efficiency. The shape of the curve and the position of the maximum are in good agreement with the experimental data. A fraction of singlet excitons formed of 22% is assumed, in order to obtain an optimal quantitative correspondence.
IV. DISCUSSION
In the previous section, it was found that the voltage and temperature dependent double-carrier current density and the voltage dependence of the current efficiency measured at room temperature are in good agreement with the predictions based on earlier analyses of the single carrier mobilities, assuming (i) standard Langevin-recombination in the zerofield limit and a field-dependence of the rate as given in Ref. 39 (ii) recombination of holes with the free and the trapped electrons, and (iii) a fraction of singlet excitons formed of 22%, slightly smaller than the quantum-statistical value. In this section, we discuss several issues which might affect the accuracy of the analysis. We first focus on the modeling of the recombination process. Figures 4(a) and 4(b) show the voltage dependences of the current density and of the current efficiency, respectively, as calculated using various alternative model assumptions. Figure 4 gives for all cases considered the normalized recombination profiles, calculated at 4.5 V. For reference purposes, curves (thin lines) are included which show the effect of taking a two times larger and two times smaller recombination rate as compared to the "standard" rate, given by Eq. (A1) in the Appendix. With increasing recombination rate, the current density becomes slightly smaller due to a reduction of the electron and hole carrier densities throughout the device. The effect is seen to be very small at small voltages, near the current density onset, and approximately 25% at 7 V. As expected, an increase of the recombination rate leads to a more narrow recombination profile, so that the peak current efficiency increases. The peak voltage of the current efficiency curve shifts slightly, from '4.5 to '5 V.
The standard approach used would overestimate the recombination rate when recombination with trapped electrons would actually be negligible. It is not a priori clear whether charge carriers that reside in trap states take part in the recombination process, although this has been proposed earlier. E.g., Burrows et al. argued that for the case of Alq 3 -based OLEDs recombination between free holes and trapped electrons is even the predominant process, 49 and Blom et al. suggested that recombination of holes with trapped electrons could be a significant effect in PPV-based OLEDs. 19 In order to investigate this issue, we have carried out calculations within which only recombination with free electrons is included. As shown in Fig. 4(a) (blue triangles) , the effect on the current density is only significant at small voltages, where the fraction of electrons occupying trap states is relatively large. Just as for the case of an overall reduction of the rate by a factor of 2, discussed above, the enhancement of the current density at small voltages can be explained as a consequence of the enhanced net space charge density in the device, resulting from the reduced recombination rate. Neglecting recombination with trapped electrons gives thus rise to a decreased steepness of the current-voltage curve, and thereby to worse agreement between the measured and modeled current densities. Due to the decreased recombination probability, the resulting recombination profiles are, for all voltages considered, significantly wider than as obtained when including recombination with trapped electrons. This may be seen from Fig. 4(c) for the case V ¼ 4.5 V. As a result, the maximum of the current efficiency curve close to 4.5 V is approximately 8% lower.
On the other hand, the standard approach could also underestimate the recombination rate, viz. when the mobility in the in-plane direction is larger than the perpendicular mobility, which is the mobility employed in the Langevin equation. It is well-known that for the blue polymers investigated the spin-coating process leads strong optical anisotropy, resulting from a strong in-plane orientation of the polymer backbone which leads to a preference of the direction of the optical dipole moments within the layer plane. 44 Such an anisotropy can lead as well to a strong anisotropy of the mobility, 31 as is well-known for similar materials, 50 and to an enhancement of the effective recombination rate with respect to the Langevin rate when the field is oriented perpendicularly to the predominant chain direction. 51 For the PF-TAA polymers investigated, we only consider the electron mobility as (potentially) anisotropic. The electron transport is due to hopping in between PF-derived LUMO states, which might facilitate fast in-plane intrachain transport. In contrast, the hole transport is due to hopping between TAA-derived HOMO states. These are more localized, so that the interchain and intrachain mobilities are expected to be quite similar. We have investigated the possible effect of mobility anisotropy by performing calculations using a modified version of the formalism described in the Appendix, within which in the expression of the recombination rate given by Eq. (A1) the weight of the lateral hops is increased by a factor of four. In the limit of zero field, this would correspond to an increase of the total recombination rate by a factor of 3.
The result on the current density, shown in Figs. 4(a)-4(c)   FIG. 4. (Color online) Effect of various alternative approaches for calculating the recombination rate on (a) the voltage dependence of the current density, (b) the voltage dependence of the current efficiency, and (c) the normalized recombination rate distribution, calculated at 4.5 V. All calculations were done for 100 nm devices at 293 K. The thick full curve gives the result as obtained using the Langevin formula assuming an isotropic mobility, including recombination with trapped electrons and assuming a 0.4 eV electron injection barrier. The thin full curves have been obtained using the same approach, assuming a recombination rate which is enhanced by a factor of 0.5 or 2, as indicated in the figures. The curves indicated by symbols give the results based on the same approach, but neglecting recombination with trapped electrons (triangles), assuming anisotropic recombination (squares) or assuming a 0.3 eV electron injection barrier (circles). 064502 (2011) by red squares, is found to be for all voltages considered very similar to the result of calculations with an overall increase of the recombination rate with a factor of 2. It may be concluded that the voltage dependences of the current-density are only weakly sensitive to the inclusion of recombination with trap states and to the inclusion of recombination anisotropy, although being able to predict the current density with an accuracy better than the observed 625% differences might still be of practical importance. The current efficiency curves are already more sensitive, and the shapes of the emission profiles show the strongest sensitivity. Therefore, we view measurements of these profiles, using methods such as described in Ref. 44 as a necessary step toward the development of a refined model for the recombination process.
064502-
A different type of refinement of the recombination model would be the introduction in the Langevin formula of bipolar mobilities, instead of unipolar mobilities, as discussed in the Introduction. In the absence of a full theory of this effect, which should provide an expression for the ratio of the bipolar and unipolar mobilities in regions with unequal electron and hole densities, we cannot yet develop such an improved device model. However, it should be noted that the effect of the mutual interaction of carriers leading to a difference between the unipolar and bipolar mobilities is expected to be largest well within the recombination zone, were the electron and hole densities are similar, and that even in this zone the reduction of the rate is only typically a factor of 2.
32 Therefore, we envisage that the expected reduction of the current density will be rather limited. A more significant effect may be seen in the shape of the recombination profile. We expect that the spatial dependence of the bipolar mobility functions, due to the spatial dependence of the carrier densities, will give rise to a decrease of the width of the recombination zone.
The accuracy of the analysis given in the previous section is also affected by the experimental uncertainties in the parameters describing the electron and hole transport. Perhaps the largest and most relevant uncertainty concerns the electron injection barrier, taken to be equal to u ¼ 0.4 eV. This value is situated at the edge of the experimental uncertainty interval of 0.3 6 0.1 eV given in Ref. 41 . All other parameter values were taken to be equal to the value in the center of the uncertainty interval. The effect of taking u ¼ 0.3 eV is an increase of the current density by more than a factor 2 around the current density onset to approximately 70% at 7 V, as shown in Fig. 4(a) (black open circles) . Furthermore, the enhanced electron density near the cathode and the resulting enhanced electron mobility give rise to a shift (at a fixed voltage) of the maximum in the recombination profile toward the anode. The calculated peak in the current efficiency curve decreases to approximately 4 V, and a strong increase of the predicted current efficiency at low voltages is obtained. All these results compare less favorably with experiment than the predictions obtained using u ¼ 0.4 eV. Therefore, we regard the latter value as more accurate.
We finally remark that some uncertainty might arise from the method used for including the effect of self-absorption in the emissive layer in the microcavity optical model. 44 If, alternatively, self-absorption is entirely neglected, and the source spectrum is taken to be equal to the (slightly more greenish) PL spectrum (see Fig. 6(a) of Ref. 44) , we find a current efficiency which is approximately 15% larger than as shown in Fig. 3(b) . The difference is quite independent of the voltage. This shows that even a drastic change in the treatment of self-absorption would only give rise to a small change of the singlet fraction obtained.
The uncertainties discussed above concerning the quantitative modeling of the transport, recombination and lightoutcoupling processes do not give rise to a change of the overall picture: a steep predicted rise of the current efficiency, a maximum in the range 4-5 V, and a slow descent at higher voltages. Depending on the model assumptions, variations of the predicted maximum current efficiency of approximately 615% are found, so that the assumed singlet fraction of 22% has an uncertainty of approximately 63%. This value is consistent with the independently determined value of g S ¼ 1767% as obtained by Carvelli et al. from an analysis of the reverse bias photoluminescence (PL) and electroluminescence (EL) of PF-TAA based devices (but with a Ba/Al instead of a LiF/Ca/Al cathode). 45 Several studies have indicated that for organic semiconductor materials the EL singlet formation probability is close to 1/4, the quantum-statistical value. [52] [53] [54] [55] However, it has been argued from other studies that it can be strongly enhanced, in particular in polymers. [56] [57] [58] [59] [60] [61] [62] [63] [64] For poly-phenylene-vinylene (PPV) based polymers, e.g., the singlet fraction as obtained using various methods ranges from approximately 20% (Ref. 52 ) to approximately 80% (Ref. 60) . In view of this long-standing controversy, it is thus of interest that the value obtained by Carvelli et al. for PF-TAA, using an optical emission method, is found to be consistent with the value obtained in the present study, using device modeling.
V. SUMMARY AND CONCLUSIONS
In summary, it is shown for the first time that predictive modeling is possible for single-layer OLEDs. The model employed includes the effects of disorder and (EO) (Ref. 41) device modeling using the Extended Gaussian Disorder Model (EGDM), drift and diffusion of charge carriers, and recombination of holes with free and trapped electrons to form excitons. The voltage-dependent current efficiency, calculated from the voltage-dependent recombination profiles together with the position-dependent outcoupling efficiency, agrees well with experiment when a fraction of singlet excitons is assumed of g S ¼ 22%. A discussion has been presented on the accuracy of this result, which is determined, firstly, by uncertainties concerning the appropriateness of the description of the recombination process assumed: (i) the role of recombination with trapped electrons, (ii) the possible role of mobility anisotropy and (iii) the effect of spatially disordered electron-hole interactions, leading to the recently introduced concept of a bipolar mobility. Secondly, the accuracy is determined by the uncertainties of the electron and hole transport parameters. It is shown that the shape of the emission profile is in general more sensitive to these issues than the current density, so that carrying out measurements van Mensfoort et al. J. Appl. Phys. 109, 064502 (2011) of that profile (using the experimental wavelength, angle and polarization dependent emission) would be recommended as a means to refine the modeling method employed. The resulting overall uncertainty in g S is approximately 3%. The singlet fraction found is thus close to the value of 1=4 expected from quantum statistics, although slightly smaller. We believe that this finding contributes to solving the longstanding debate in the literature concerning the S : T ratio.
